to-barrel pathway is decreased in the somatosensory
cortex of P10 mutant mice for each glial glutamate transporter, GLAST and GLT-1. We also demonstrate, using in vitro preparations from these neonatal mutant mice, that the reduced metabolic response is likely due to a decrease of glutamate transport and intracellular Na ϩ signal in cortical astrocytes. Finally we show that astrocytes, following glutamate uptake, release lactate and suggest it could be used as a supplementary energy substrate by neurons during periods of synaptic activity. Our results provide strong evidence supporting the existence of a metabolic crosstalk between astrocytes and neurons that would be mediated by glial glutamate transporters and could be important at least during development for sustaining neuronal functions. , and GLT-1 Ϫ/Ϫ mice (n ϭ 3 for each) ( Figure  GluR1 , and NR2A/B was noted in GLAST Ϫ/Ϫ and GLT-1 Ϫ/Ϫ 2). Glutamate transporter antibodies detected distinct mice as compared to their respective GLAST ϩ/ϩ and proteins in cortex homogenates with molecular weights GLT-1 ϩ/ϩ control. of ‫,56ف‬ 72, and 69 kDa for GLAST, GLT-1, and EAAC1, respectively. Apparent homomultimers (mainly dimers) of GLAST, GLT-1, and EAAC1 were observed as preReduced Metabolic Response to Whisker Stimulation in Somatosensory Cortex viously shown (Haugeto et al., 1996) . To ensure that protein levels were comparable under each condition, of P10 GLAST and GLT-1 Mutant Mice Accumulation of 2-deoxyglucose (2-DG) is used classieach blot was probed for actin. The absence of immunoreactive bands for either GLAST or GLT-1 confirmed the cally to determine the level of neuronal activation in was not the consequence of an increase in excitability in these mutant animals that would occlude any evoked metabolic response, we compared basal 2-DG uptake measured in adjacent nonactivated barrels between GLAST ϩ/ϩ and GLAST Ϫ/Ϫ or GLT-1 ϩ/ϩ and GLT-1 Ϫ/Ϫ mice. No significant difference was found in basal 2-DG uptake between GLAST ϩ/ϩ and GLAST Ϫ/Ϫ animals (136 Ϯ 26 versus 135 Ϯ 4 nCi/g, respectively; p ϭ 0.922, Student's t test), nor between GLT-1 ϩ/ϩ and GLT-1 Ϫ/Ϫ mice (227 Ϯ 84 versus 242 Ϯ 35 nCi/g, respectively; p ϭ 0.466, Student's t test). The difference in basal uptake between GLAST ϩ/ϩ and GLT-1 ϩ/ϩ mice is most likely due to background strain differences. Additional pharmacological experiments were performed to tentatively assess the contribution of glutamate receptor activation to the metabolic response. For this purpose, P10 C57 BL/6 mice were injected with either an NMDA antagonist (MK-801, 0.05 mg/kg, n ϭ 5) or an AMPA/KA antagonist (NBQX, 20 mg/kg, n ϭ 6) 10 min before 2-DG administration, while three mice served as control. No significant decrease in 2-DG uptake measured in C1C2 was observed after blockade of AMPA/KA receptors (19.3% Ϯ 2.5% versus 23.7% Ϯ 3.8% in control mice), or after injection of the NMDA receptor antagonist MK-801 in which case it was even significantly increased (35.7% Ϯ 10.3%, ANOVA plus Dunnett's test, p Ͻ 0.05). and GLAST Ϫ/Ϫ or GLT-1 ϩ/ϩ and GLT-1 Ϫ/Ϫ littermates were determined that GLT-1 does not participate to overall glutamate uptake in neonatal cultured astrocytes (data comparatively examined. In GLAST ϩ/ϩ or GLT-1 ϩ/ϩ mice, stimulation of the two caudalmost follicles of row C not shown), we took advantage of this simplified situation to evaluate the impact of the selective reduction of (C1C2) evoked an increase in 2-DG uptake in the corresponding barrels of somatosensory cortex as seen in GLAST expression in astrocytes from GLAST mutant mice on both glutamate uptake and the metabolic reboth coronal ( Figures 3A and 3E ) and tangential sections ( Figures 3C and 3G ). The activated zone was observed sponse of these cells to glutamate exposure. First, immunohistochemical labelings were performed with antiin four to six consecutive sections. The level of 2-DG uptake in C1C2 barrels measured on tangential sections bodies directed against GLAST and the astroglial marker glial fibrillary acidic protein (GFAP) in order to characterwas 16.8% Ϯ 4.9% (n ϭ 8 for GLAST) and 15.6% Ϯ 5.0% (n ϭ 8 for GLT-1) above the level measured in the ize the phenotype of cultured cells. Astrocytes from GLAST ϩ/ϩ and GLAST ϩ/Ϫ mice exhibited immunoreacunstimulated barrels of the reference area. In GLAST Ϫ/Ϫ mice, 2-DG uptake induced by repetitive stimulation of tivity for GLAST while none could be detected in cultured cells from GLAST Ϫ/Ϫ mice ( Figure 4B ). We also ascerthe C1C2 whiskers was significantly lower (5.3% Ϯ 4.9%; Ϫ68%, p Ͻ 0.05, n ϭ 4) ( Figures 3B and 3D) . In tained that Ͼ95% of cells were GFAP positive and no MAP2-positive cell was detected (data not shown). parallel, GLT-1 Ϫ/Ϫ animals also exhibited a significantly lower 2-DG uptake (6.3% Ϯ 5.6%; Ϫ60%, p Ͻ 0.05, n ϭ Then, glutamate uptake capacity was evaluated in cortical astrocytes cultures prepared from each type of neo-11) (Figures 3F and 3H) . In order to ensure that this effect natal GLAST mutant mice. This was performed using as posure to glutamate. Astrocytes from GLAST ϩ/ϩ mice responded strongly to glutamate with an increase in substrate D-aspartate, a nonmetabolizable glutamate analog, at two distinct concentrations which correspond glucose utilization close to 75% above basal value (Figure 4D) . In astrocytes from GLAST ϩ/Ϫ mice however, the to a value close to previously reported K m (50 M) or sufficient to approach V max (500 M) in cortical astrocytes increase in glucose utilization triggered by glutamate was reduced by about half as compared to the response (Debernardi et al., 1999) . A reduction of D-aspartate uptake at both 50 and 500 M of about 25% was deobtained in GLAST ϩ/ϩ astrocytes, while the effect of glutamate on glucose utilization in astrocytes from GLAST Ϫ/Ϫ tected in astrocytes from GLAST ϩ/Ϫ mice compared to GLAST ϩ/ϩ astrocytes ( Figure 4C ). D-aspartate uptake mice was completely abolished ( Figure 4D ). In parallel, lactate production was affected in a very similar manner was further decreased in astrocytes from GLAST Ϫ/Ϫ mice and residual uptake accounted for less than 40% ( Figure 4E ). of the uptake measured in GLAST ϩ/ϩ astrocytes at both 50 and 500 M D-aspartate ( Figure 4C) 
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Prominent Expression of GLAST and GLT-1 in the Somatosensory Barrel Cortex of Developing Mice
Reduction of Glutamate Uptake in Primary Cultures of Cortical Astrocytes from Neonatal Mutant
to Glutamate
Reduced metabolic response to glutamate as observed The increase was observed throughout the cell ( Figure  5B ) and was maintained as long as glutamate was apin mutant mice could have arisen from unforeseen alterations in glial energy metabolism unrelated to the abplied. [Na ϩ ] i rapidly recovered to baseline values after glutamate application ceased ( Figure 5D ). All cells examsence of glutamate transporter expression. Moreover, a more direct demonstration that Na ϩ influx is the essenined produced a response. In GLAST ϩ/Ϫ astrocytes, glutamate applied at a concentration of 100 M produced tial factor triggering the metabolic response was necessary. In order to assess the metabolic responsiveness responses that were significantly reduced as compared to GLAST ϩ/ϩ astrocytes (4.8 Ϯ 1.2 mM, p Ͻ 0.01 versus of astrocytes from these mutant animals and test whether Na ϩ influx is the necessary and sufficient condi-GLAST ϩ/ϩ ; Figure 5E ). Moreover, responses in astrocytes prepared from GLAST Ϫ/Ϫ mice were almost tion to trigger the metabolic response, we attempted to rescue their metabolic response to glutamate by activatcompletely abolished (1.1 Ϯ 0.1 mM, p Ͻ 0.01 versus with ice-cold PBS, and addition of 2 ml of 0.01 N NaOH containing 0.1% Triton X-100 to lyse cells. Aliquots of 500 l were assayed for series of sections (four to six) that contained these barrels. For each animal, a reference value (background) was calculated as the mean radioactivity by liquid scintillation counting, while 50 l aliquots were used for measurement of protein content by the method of Bradford 2-DG uptake in unstimulated barrels measured in the same consecutive series of sections. This reference value was used to calculate (1976). Results, which represent transporter-mediated glutamate uptake, were calculated by subtracting from total counts the portion the relative 2-DG uptake using the formula: relative 2-DG uptake ϭ (2-DG uptake Ϫ reference value)/reference value. This value, exthat was not inhibited by incubation at 4ЊC (nontransporter-mediated uptake). Transporter-mediated uptake accounted for approximately pressed as a percentage, was determined in each hemibrain. Pseudocolored images were generated by replacing the range of 256 
